Tellez LA, Perez IO, Simon SA, Gutierrez R. Transitions between sleep and feeding states in rat ventral striatum neurons. Neurons in the nucleus accumbens (NAc) have been shown to participate in several behavioral states, including feeding and sleep. However, it is not known if the same neuron participates in both states and, if so, how similar are the responses. In addition, since the NAc contains several cell types, it is not known if each type participates in the transitions associated with feeding and sleep. Such knowledge is important for understanding the interaction between two different neural networks. For these reasons we recorded ensembles of NAc neurons while individual rats volitionally transitioned between the following states: awake and goal directed, feeding, quiet-awake, and sleeping. We found that during both feeding and sleep states, the same neurons could increase their activity (be activated) or decrease their activity (be inactivated) by feeding and/or during sleep, thus indicating that the vast majority of NAc neurons integrate sleep and feeding signals arising from spatially distinct neural networks. In contrast, a smaller population was modulated by only one of the states. For the majority of neurons in either state, we found that when one population was excited, the other was inhibited, suggesting that they act as a local circuit. Classification of neurons into putative interneurons [fast-spiking interneurons (pFSI) and choline acetyltransferase interneurons (pChAT)] and projection medium spiny neurons (pMSN) showed that all three types are modulated by transitions to and from feeding and sleep states. These results show, for the first time, that in the NAc, those putative inhibitory interneurons respond similarly to pMSN projection neurons and demonstrate interactions between NAc networks involved in sleep and feeding.
nucleus accumbens; medium spiny neurons; fast-spiking interneurons; choline acetyltransferase; freely licking DESPITE THE FACT that feeding and sleeping cannot occur simultaneously, both behaviors are inextricably linked physiologically. For example, loss of sleep suppresses satiety and increases hunger signals (Beccuti and Pannain 2011) , whereas manipulations of food intake may alter sleep patterns (Danguir and Nicolaidis 1979) . Indeed, it has been shown that dysregulation in these behaviors may contribute to the development of obesity (Beccuti and Pannain 2011) , indicating that sleep and feeding signals must be both integrated and coordinated. The lateral hypothalamus (LH) is one area involved in the regulation of sleep, metabolism, and feeding (Saper 2006; Yamanaka et al. 2003) , as is the nucleus accumbens shell (NAc shell) (Sears et al. 2010; Stratford and Kelley 1999) , a structure that reciprocally projects to the LH (Sano and Yokoi 2007) . Hence, by virtue of its responses to reward and its projection to LH, the NAc plays an important role in goal-directed behaviors such as feeding (Baldo et al. 2004; Saper et al. 2002) and, on the opposite extreme, sleep (Braun et al. 1997 ). More importantly, NAc activity is influenced in both brain states. For example, in humans, sleep restriction leads to increased activation of the NAc to food stimuli (St-Onge et al. 2012) , and pharmacological studies have found that a global inhibition of the NAc (which disinhibited LH neurons) permitted animals to feed (Baldo et al. 2004; Cota et al. 2006; Saper et al. 2002; Sears et al. 2010) . Similar results were found from extracellular recordings of inhibitory NAc neuronal responses obtained while rats licked to obtain sucrose solutions (Krause et al. 2010; Nicola et al. 2004; Roop et al. 2002) . In other studies it has been found that NAc neurons are also modulated during slow-wave sleep (SWS), but the recordings were not obtained over extended times nor were the responses compared with those that occur during feeding (Berke et al. 2004; Lansink et al. 2010; Mahon et al. 2006) . To address the above issues, we recorded ensembles of neurons from rat NAc for several hours during which an animal was free to ingest several meals and between them exhibit bouts of SWS.
The NAc is composed of ϳ95% GABAergic medium spiny neurons (MSNs) that integrate excitatory inputs from cortical and subcortical areas and outputs that information to several areas, including the ventral pallidum and LH (Humphries and Prescott 2010) . The remaining ϳ5% of NAc neurons [fastspiking interneurons (FSIs), choline acetyltransferase interneurons (ChATs), and others] are interneurons that modulate the activity of the MSN population (Tepper et al. 2008; Witten et al. 2010 ). In the majority of studies involving the use of extracellular recordings, the cell type was not identified, although because the majority of NAc neurons are MSNs, it is commonly assumed that those are the ones being recorded (Frazier and Mrejeru 2010) . To identify how the different cell types in the NAc are modulated in feeding and sleeping, we used a fuzzy clustering algorithm that permits us to putatively classify the NAc neurons as pMSNs, pFSIs, and pChATs (Kawaguchi et al. 1995; Lansink et al. 2010; Yarom and Cohen 2011) . From this analysis we were able to show that all three types of NAc neurons can track transitions between activeawake and feeding and quiet-awake and sleep states and, importantly, to show that in each state, the activated and inactivated responses are completely out of phase. Moreover, the responses in one state may or may not parallel those in the other state. In addition, we identified novel responses that are modulated only in one of the two states. These results suggest that NAc is a node in the feeding circuit that is directly or indirectly coordinated by the sleep-awake circuitry.
MATERIAL AND METHODS

Subjects and Surgery
In these experiments we used eight male Sprague-Dawley rats weighing 300 -350 g. Animals were housed individually in standard laboratory cages in a temperature-controlled (21 Ϯ 1°C) room and maintained on a 12:12-h light-dark cycle (lights on 0600 -1800). At the time of surgery, the animals were anesthetized using intraperitoneal injections of pentobarbital sodium (50 mg/kg) and 0.1 ml of atropine sulfate and were unilaterally-implanted with a movable electrode array consisting of 32 tungsten microwires (35-m diameter) targeting NAc (centered at the following coordinates: AP ϭ 1.5 mm, L ϭ ϩ1 mm, and DV ϭ 6.5 mm from bregma). After the completion of experiments, the location of the electrodes was histologically verified using cresyl-stained brain sections. All procedures were approved by the CINVESTAV Institutional Animal Care and Use Committee.
Chocolate-Flavored Ensure
We decided to use this food, which contains a macronutrient mix of fat, proteins, sugar, carbohydrates, vitamins, and minerals, because it is a complete liquid meal that better resembles most properties of a solid palatable food (Archer et al. 2006; Davidson and Swithers 2005) . In addition, trained animals will eat large amounts without water deprivation or the need for food.
Behavioral Procedures
All the experiments were performed at approximately the same time of day (11:00 AM) in an operant box enclosed in a ventilated and sound-attenuating cubicle. Each box contained a central drinking compartment, a lickometer (V shape, vertical slot) with a photo-beam sensor (MedAssociates) to register the times when the rat's tongue contacted the drinking tubing . Briefly, 1 wk before surgery, the animals were habituated with the task. At least four training sessions were necessary to assess the animals habituated to the behavioral box and familiarized with Ensure. Access to the Ensure compartment was restricted by a sliding door; after 20 min, the door was opened and animals were allowed free access to Ensure until the end of the experiment. Importantly, the rats were neither food nor water deprived, but they were trained to ingest Ensure every day at about the same time of the day and could decide of their own volition when to begin and end a meal. On the experimental days, neural activity [single action potentials and local field potentials (LFPs)] was recorded and the animals remained in the operant box until they completed at least one meal and several awake-sleep cycles.
Measures of Behavior Associated with Ingestion of Ensure
Licking microstructure. In this study, we characterized the neuronal responses of NAc neurons to several parameters of licking behavior (see below). For that reason, we performed a detailed analysis of the microstructure of licking. In this regard, rhythmic licking is punctuated by pauses Ն500 ms; these periods of licking are called "licking clusters" (see Fig. 1A , red; see also Davis and Smith 1992) , and analysis of this behavior is referred to as the "microstructure of licking." The cluster size and cluster duration refer to the time spanned by a cluster and the number of licks in that cluster, respectively (see Fig. 1A and Table 1 ; see also Davies and Smith 1992) .
Meal-feeding analysis. Meals were defined by inter-lick intervals (ILI) Ͼ10 min (Spector et al. 1998 ). The termination of each meal was taken as the onset of an ILI Ͼ10 min. Meal size and meal duration were measured from the first to the last lick of a meal. Meal size refers to the time elapsed from first to last lick, whereas meal duration refers to the number of licks occurring in the meal (see Table 1 ).
Electrophysiological recordings. Procedures were basically the same as described previously (Gutierrez et al. 2010) . That is, neural electrical activity was recorded from a movable 4 ϫ 8 array of 32 tungsten microwires in the NAc using a multichannel acquisition processor (Plexon, Dallas, TX). Only single neurons with action potentials of signal-to-noise ratios Ͼ3:1 were analyzed. The action potentials were isolated online by means of voltage-time threshold windows and a three-principal components contour templates algorithm. Spikes were resorted using Offline Sorter software (Plexon). Only time stamps from offline-sorted waveforms were analyzed. LFPs were amplified 1,000 times, filtered at 0.7-300 Hz, and digitized at 1 kHz using a digital acquisition card (National Instruments, Austin, TX) and a multineuron acquisition processor (Plexon).
Neural Data Analysis
Lick-spike coherence analysis. Multitaper spectral analysis and coherence were computed by segmenting two univariate binned point processes [licking and spike poststimulus time histograms (PSTHs)] into chunks (Gutierrez et al. 2010; Jarvis and Mitra 2001) . The coherence "C" between licking and the spike trains was computed using the formula C(f) ϭ Ixy/(IxxIyy), where Ixx represents the spectrum of licking behavior, Iyy is the spectrum of neuronal activity, and Ixy is the cross-spectrum of licking and spike trains. Note that the coherence is normalized to range between 0 and 1. A coherence of 0 or 1 means that two signals are completely uncorrelated or correlated in frequency and phase, respectively. The frequency band (f) is where coherence was computed (4 -10 Hz) and corresponds to the normally observed freely licking behavior. The confidence interval of the coherence, C(f), and significance threshold (at ␣ ϭ 0.05%) were computed with a jackknife method and finite size corrections using the procedures developed by Jarvis and Mitra (2001) . A neuron was classified as licking-coherent only if its lower confidence interval (95%) crossed the significance threshold (Gutierrez et al. 2010) . Each chunk of data corresponded to the first lick in the lick cluster and to 2 s of activity. Only licking clusters Ն2 s were used for this analysis, to ensure that neural activity corresponded to moments when rats were feeding. The maximum coherence value and frequency were computed using the Chronux 2.0 software package (www.chronux.org).
Hypnograms. Three behavioral states were defined: 1) awake, with relatively high theta (5-9 Hz) and gamma (30 -55 Hz) power density (Winson 1974) ; in this state, the animals displayed little or no exploratory behavior, and indeed, for most of their waking time, they were quietly standing or sitting and sometimes grooming; 2) SWS, with sleep spindles (10 -14 Hz) superimposed on delta waves (1-4 Hz); and 3) feeding, directly obtained from licking records. Awake and SWS states were assigned using the LFPs and the methodology outlined by Gervasoni et al. (2004) . In brief, after elimination of segments with amplitude saturation, a sliding window Fourier-transform was applied to each LFP signal to calculate two spectral amplitude ratios (0.7-20/0.7-55 Hz and 0.7-4.5/0.7-9 Hz for ratios 1 and 2, respectively). Principal component analysis (PCA) was then applied to these ratios obtained from all LFP channels, and the first PC was used as the overall ratios measure. These measures, obtained for each second of data, were further smoothed with a Hanning window (20-s length). Finally, these two first PCs of spectral ratios were plotted against each other to construct the two-dimensional (2-D) state space. In this 2-D state space, the density of points reflects the relative abundance of the different brain states. We note that in all our experiments, we did not record sufficient amounts of rapid-eyemovement (REM) sleep (see below). Thus REM sleep was not considered in any of our analyses.
Feeding-related neurons. "Inactive" and "active" neurons were identified while the animal was feeding, following the criteria of Krause et al. (2010) , who named them types 1 and 2, respectively. We extended these definitions, because these two types of neurons could also be activated or inactivated during sleep (SWS-on and off, respectively; see below). Briefly, we compared the spike rates in a 3-s prelick period (from Ϫ5 to Ϫ2 s before lick onset) with the spike rates during the first 3 s of licking using a Wilcoxon signed-rank test. We categorized inactive neurons as those that showed a significant firing rate decrease, and active neurons as those that showed a significant firing rate increase, during the licking period. For this analysis, we used all trials where a licking cluster had an inter-cluster interval (ICI) pause of at least 5 s, was at least 20 licks in length, and lasted for at least 4 s. These parameters matched the freely licking behavior with a similar feeding behavior observed in the lick task used by Krause et al. (2010) .
SWS-off and SWS-on responses.
Briefly, using a Wilcoxon signedrank test, at ␣ Ͻ 0.05, we compared the spike rates in a 10-s pre-SWS window (from Ϫ15 to Ϫ5 s before SWS onset) with the spike rates during the first 10 s of SWS bout onset (from 0 to 10 s after SWS onset). We categorized SWS-off responses as those that showed a significant firing rate decrease, and SWS-on neurons as those that showed a significant increase, during the SWS bout. For this analysis, we used all sleep bouts where SWS had a minimum inter-SWS interval of at least 10 s and the SWS bout lasted for at least 10 s.
The Fano factor. We used the Fano factor (FF), measured as the ratio of the variance to the mean response, to quantify spike count variability of the population activity (Truccolo et al. 2011) .
Cell type classification. Neurons were classified into groups according to four features: firing rate, coefficient of variation 2 (CV2), valley-to-amplitude ratio (VAR), and valley-to-peak width (V-P width). Firing rate was calculated as the number of recorded spikes divided by session duration. CV2 was calculated for each adjacent pair of inter-spike intervals (ISIs), and the average CV2_ISI for the entire session was used. In brief, the two-ISI coefficient of variation was computed as CV2_ISI ϭ |2(ISI2 Ϫ ISI1)/(ISI 2 ϩ ISI1)| (Holt et al. 1996) . The VAR was calculated as the absolute value of the first valley in the waveform divided by the difference between its minimum value and the following maximum (see blue waveform in Fig. 7 , inset, and Yarom and Cohen 2011). For computation of the V-P width, see black waveform in Fig. 7 , inset. For each neuron recorded (m ϭ rows), these four features (n ϭ columns) were computed, which resulted in an m ϫ n data matrix. Values in each column of the data matrix were normalized to range between 0 and 1 by using the following formula [n Ϫ min(n)]/[max(n) Ϫ min(n)], classified into groups with similar attributes by using the fuzzy cluster algorithm, and visualized by using PCA as seed followed by the fuzzy Sammon's mapping plot as described in the Fuzzy Clustering and Data Analysis Toolbox (http://www.fmt.vein.hu/softcomp/fclusttoolbox). For cluster number validation, we used the Dunn's index, which was maximized with four groups. We also evaluated three other features, which were shoulder-to-shoulder width, CV, and time to peak in the autocorrelogram histogram , which is an indicator of burstiness, but they did not improve classification (data not shown).
RESULTS
Behavior: Awake, Sleeping, and Feeding States
During a typical experiment, rats mainly spent their time in three distinct states: awake but quiet ( Fig. 1A , blue; 53.9 Ϯ 0.02% of time in the session), feeding ( Fig. 1A , red; 14.9 Ϯ 0.01% of the session), or sleeping ( Fig. 1A , gray; 30.1 Ϯ 0.01% Fig. 1 . Awake, sleeping, and feeding States. A: behavioral protocol and associated local field potentials (LFPs) in awake and sleeping states as well as during feeding (licking). Top, after a 20-min habituation period, food (chocolate-flavored Ensure) was made available ad libitum. Middle, color-coded diagram shows the hypnogram and occurrence of various behavioral states the rat experienced during the experiment: blue, awake; red, feeding (licking); gray, slow-wave sleep (SWS). The awake state produces low-amplitude fast oscillations in the LFP (see left inset trace below). At the macrostructure level, it can be seen that the animal ate 2 large meals. Middle inset displays 20 s of the licking microstructure; shown are 5 licking clusters and the corresponding inter-cluster intervals (ICIs). As the SWS state deepens, delta waves in the LFP largely predominate (see right inset). In insets, bars ϭ 1 s. B: normalized inter-lick interval (ILI) distribution (red line). For visualization purposes, the abscissa only shows up to 1-s interval. The cumulative density function (CDF) is shown as a black line. C: schematic of microarray in the medial ventral striatum where the electrodes were implanted. NAc, nucleus accumbens. of the session). In addition to the quiet-awake state, there was another attentive awake state that was present at the onset of feeding. Transitions from SWS were followed by either a REM state that was observed Ͻ1% of the time or, more commonly, the quiet-awake state.
Feeding macrostructure (meals). As noted, the feeding session involved the rat's licking for Ensure. As shown in Fig. 1A , feeding behavior consisted of relatively short bouts of continuous licking, called clusters, that were separated by pauses, the ICIs (Davis and Smith 1992) . When the ICI was Ͼ10 min, the sum of these clusters constituted a meal (see Fig. 1A and Table  1 ). Subsequent meals had to have an inter-meal interval (IMI) of Ͼ10 min (see Fig. 1A , red, and Table 1 ). During the course of the average 2.6-h experimental session, rats usually (n ϭ 41/46) ate two meals ( Table 1 ). The average duration of the first meal was 24 Ϯ 2 min (n ϭ 41), whereas the duration of the second meal was significantly shorter at 9.4 Ϯ 1 min (Wilcoxon signed-rank test, P Ͻ 0.0001). The difference in meal size may have arisen because the metabolic effects of the first meal had not yet returned to the original state (de Araujo et al. 2006 ). The latency between the first and second meal was 52.5 Ϯ 5.6 min. In the other five sessions, the subjects ate only one meal.
Licking clusters. For hedonically positive liquids, rats lick with a rhythmic and stereotypic protrusion and retraction of the tongue at frequencies of 5-7 Hz (Travers et al. 1997 ). The average ILI was 165 ms, or a licking frequency of 6.05 Hz. The majority of the licks were rapid and rhythmic, since 94.3% of contiguous licks have ILIs Ͻ 250 ms and only 4% of ILIs were Ն250 ms and Ͻ500 ms. A few remaining ILIs comprised pauses Ͼ500 ms ( Fig. 1B ). Details about "microstructure" and "macrostructure" of Ensure meals are shown in Table 1 . The analysis of both the micro-and macrostructure of licking behavior is relevant because these analyses reflect the oromotor and palatability information as well as information regarding the initiation and termination of a meal (Spector et al. 1998 ). However, little is known about the neuronal correlates that result from animals ingesting liquid food of their own volition.
Electrophysiology. From 8 rats in 46 experimental sessions, we recorded the activity of 356 neurons. Eighty-nine neurons were excluded from analysis either because the waveform abruptly drifted during the session or because the waveform had a complex shape (e.g., W shape; Gold et al. 2006 ); three additional neurons were excluded because no LFP was simultaneously recorded. Hence, we report the activity of 264 well-isolated single neurons located in the ventral striatum while the animals were in awake, feeding, and sleeping states (see Fig. 1C for the location of electrodes).
Neural Dynamics of Ventral Striatum Neurons During Ad Libitum Feeding
A small population of NAc neurons was entrained by rhythmic licking. We first determined whether the firing activity of each of the 264 neurons was coherent with rhythmic licking. In this context, coherence is defined as a measure of the interdependence of licking and neural activity in the relevant frequency domain (e.g., 4 -10 Hz; see MATERIALS AND METHODS). This analysis revealed that only 3.7% (10/264) of NAc neurons were entrained by rhythmic licking in that they achieved a significant coherence (P Ͻ 0.05) with an average (ϮSE) coherence value of 0.23 Ϯ 0.033. That is, only a small percentage of NAc neurons tracked the rhythm of licking behavior.
Neural activity during and around licking clusters. A recent study by Krause et al. (2010) that involved rats performing a licking-related task to obtain sucrose solutions found that feeding was maintained when a subset of NAc neurons, named type 1, was inhibited. They also identified another type that was excitatory, named type 2. In their analyses, they used an ICI Ն5 s. Here we extended these observations by studying animals that took ad libitum food and also compared the responses in the wake and sleeping states. First, we examined the spiking rate modulations using two other time cutoffs commonly employed to define a licking cluster to determine whether they would be sufficient to analyze the data. Note that licking clusters necessarily have a cluster start (CS) and a cluster end (CE). Figure 2 , A and B, shows the neural activity using 1-s and 0.5-s criteria, respectively, as the minimum ICI to group licks into clusters (see Fig. 2 , times Ϫ5 to Ϫ1 s for CS, left, and times 1 to 5 s for CE, right). It is clear that the spiking modulation remains essentially unchanged, even though our data show that the smaller the ICI, the larger the number of clusters and the smaller their size (Table 1) . However, because the analysis using larger ICIs to define a cluster extended the epoch in which the rat approached the sipper, with no contamination of licks preceding the onset of CS and to avoid confusion in the literature, we kept the ICI Ն5 s consistent with that of Krause et al. 2010 . Hence, to align the spikes (time ϭ 0 s) that define a trial, we used the first lick when the rat resumed licking behavior after a pause (ICIs) larger or equal to 5 s. We then evaluated the proportion of neurons that were significantly inhibited during the first 3 s of licking. In good agreement with that study, we identified two populations of neurons that modulated their firing rate during licking: one that we named "inactive" (36%; 94/264) and another named "active" (11%; 30/264; see Fig. 3 , A and B, respectively). Inactive neurons were significantly more likely to be recorded than active ones [ 2 test (1) ϭ 33.03, P Ͻ 0.0001]. These percentages are in good agreement with Krause et al. (2010) , suggesting that freely licking for a liquid meal is a natural behavior that also can be used to identify neurons that they referred to as type 1 (present study: inactive) and type 2 (present study: active). For the remainder of this article, we refer to these neurons as active or inactive, because these terms intuitively indicate the directionality of firing rate modulation induced by feeding. Figure 3A shows the raster and PSTH of an inactive neuronal response that is centered on CS and CE. This response revealed a 1.6-s inhibition before the onset of licking (CS) that was followed by a long-lasting inhibition (cyan horizontal bar) that returned to baseline 0.92 s after CE (red horizontal bar). To further substantiate the decision of choosing a pause of 5 s to define a licking cluster, we also computed the minimum pause in licking required to make an inactive neuron recover from its inhibition and return to baseline spiking. To accomplish this, we computed the cumulative spikes across trials (in the epoch from 0 to 5 s for CE) and identified the trial at which the slope of the cumulative sum significantly changed. Because trials are ordered according to the duration of ICI, the ICI of that trial directly indicates the minimum pause in which the cell fired again. The analysis revealed that this inactive response needed a pause in licking of at least 3.2 s (see Fig. 2B ; black horizontal line). For all inactive neurons, rats needed to pause licking for at least 2.16 Ϯ 0.024 s (n ϭ 94) to return to baseline activity. This result suggests that the scale of the "microstructure of licking" that inactive NAc neurons encode is Ͼ2 s, and thus their activity cannot follow the details of the microstructure of licking that occurs during pauses (ICIs) smaller than that time scale. Hence, for all of the following analyses, we used ICIs Ն5 s. Figure 3B shows the raster and PSTH of a representative active neuron that is centered between CS and CE. The re-sponse revealed that when food was obtained, there was a ramping up of excitation that reached a maximum and then decayed as the licking cluster progressed (red underline) and that returned to baseline 0.8 s after CE (cyan horizontal bar). We also computed the minimum pause in licking required to make an active neuron recover from its excitation and return to baseline spiking. For all active neurons, the mean ICI required to return to baseline spiking was 2.3 Ϯ 0.07 s (n ϭ 30). This result was not significantly different from that for inactive neurons [Wilcoxon rank test, P ϭ 0.73, not significant (NS)], suggesting that active and inactive neurons act cooperatively in a local circuit.
Feeding and the sleep-wake cycle in ventral striatum. Although others have shown that type 1 (inactive) neurons are modulated by feeding behavior associated with licking (Krause et al. 2010; Taha and Fields 2005) , in this study we inquired whether their spiking activity could be modulated in other behavioral states. The LFP in the ventral striatum provided us with information about the quiet-awake-sleep transitions (QW-SWS and SWS-QW), allowing us to automatically compute hypnograms (Gervasoni et al. 2004) . Interestingly, we found that like the feeding responses, the majority of NAc neurons were also inhibited by the wake-sleep cycle. That is, 33% (88/264) of the neurons were inactivated during SWS (SWSoff), whereas 20% (53/264) significantly increased their firing rate during the transition from quiet-awake and entered into the SWS state (SWS-on). In general, SWS-off responses were found in greater numbers than SWS-on responses [ 2 test (1) ϭ 35.34, P Ͻ 0.0001; see Table 2 ]. Figure 4 shows a representative response of an inactive neuron in both feeding and SWS sleep states. Figure 4A shows the response obtained from an inactive neuronal response that was inhibited just before feeding (CS) and that continued to be inhibited until, after a short pause, it resumed activity when the licking activity stopped (CE). Figure 4B shows that a similar (but not identical) inhibition occurred when the animal transitioned from a quiet-awake state into the SWS state. The neuron's spiking activity throughout several QW-SWS cycles and two meals is shown in Fig. 4C . It is clear that during both meals and during SWS, the activity was significantly depressed (see inset). These results indicate that at single neuronal level, a subpopulation of NAc neurons are modulated by both feeding and sleep signals. Figure 5 shows the spiking patterns of all eight different subcategories of responses of inactive and active ventral striatum neurons. Shown are the responses of all 187 neurons, each normalized to Z scores, that were either inhibited or excited during feeding (Fig. 5, left) or SWS (Fig. 5, right) . The superimposed black lines represent the population PSTHs for each subcategory of neurons. The color-coded panel (far left) indicates the three putative types of NAc neurons, which are discussed separately below.
For inactive neurons, we found that neurons 1-39 were inhibited during both feeding and SWS (SWS-off), whereas neurons 40-63 were inhibited during feeding but excited during SWS (SWS-on). This, of course, raises the question of how to classify them as inactive or active. For both clarity and consistency with the literature, our classification scheme refers the response type to the feeding state. In this regard, neurons 64 -94 represent a third category of inactive responses that are inhibited by feeding but unaffected in SWS.
For active neurons (also referred to the feeding state), we found that with respect to SWS, some were inhibited (neurons 95-103), some were excited (neurons 104 -109), and some were unresponsive (neurons 110 -124) . In addition to these categories, there were also neurons that were unresponsive to licking (feeding) but inhibited in SWS (neurons 125-164; SWS-off only) or that were only excited in SWS (neurons 165-187; denoted SWS-on only). In summary, these results demonstrate that the increase or decrease of activity of NAc neurons during feeding is not predictive of whether the neuron will be active or suppressed during SWS.
Population variability during brain state transitions. The population data shown in Fig. 6 for the transitions between states are best understood along with the information presented in Fig. 5 and Table 2 . For example, the entire feeding-inhibited population, which represents 36% of the overall population and is presented in Fig. 6A , top, includes all transitions independent of the responses in the sleep transitions. The excited feeding population, shown in Fig. 6A , middle, comprises 11% of the total population. Similarly, Fig. 6B, top, gives the population responses of the 33% of neurons that were inhibited during SWS, which basically arose from neurons inhibited upon feeding and from the SWS-off population. In Fig. 6B , middle, the population responses of 20% of the neurons that were activated during SWS are shown.
The population responses of neurons modulated by feeding or SWS indicate some fundamental differences between these Values are no. of neurons per indicated population with each response type, with percentages given in parentheses. Cell types include putative medium spiny neurons (pMSN; n ϭ 70); putative choline acetyltransferase interneurons (pChAT; n ϭ 71); putative fast-spiking interneurons (pFSI; n ϭ 73); or unidentified (n ϭ 50). SWS, slow-wave sleep. *P Ͻ 0.05, comparison between cell types ( 2 test). #P Ͻ 0.05, comparison of inactive vs. active subtotals for each cell type ( 2 test). two brain states so that, in general, the responses in SWS do not simply recapitulate those of the feeding state. In addition, differences between neurons associated with feeding and sleeping states were also quantified using the Fano factor (FF), which indicates that low spike count variability yields low FF values, and vice versa. As shown in Fig. 6A , bottom, before CS, inactive cells (blue) exhibited a much greater variability before and after licking than active cells (red). In contrast, whereas during sleep the FF is relatively unchanged for the SWS-off neurons, it is much larger for the SWS-on neurons (Fig. 6B) . Taken together, these data indicate that the responses before, during, and after SWS do not simply track the corresponding responses during feeding.
Cell types in ventral striatum and its sleep and feeding modulation map. In the vast majority of electrophysiological recordings in behaving animals, the cell types either are not determined or, if determined, are not certain, and hence are called putative. Extracellular recordings in the striatum of awake, behaving animals have identified several types of neurons on the basis of their waveform width and firing rates (Berke et al. 2004; Kravitz et al. 2010 ). However, we could not find any pair of features that in 2-D or 3-D clearly separated neurons into different groups (data not shown). Therefore, we developed a novel method to classify extracellular waveforms from ventral striatum that is based on four main features: firing rate, CV2, VAR, and V-P width, which are combined in a fuzzy cluster classification algorithm (see MATERIALS AND METHODS and Fig. 7) . With the use of this analysis, all 264 NAc neurons could be classified into 4 major groups with fuzzy boundaries, and they then could be visualized by using a fuzzy Sammon's mapping plot (see MATERIALS AND METHODS).
The first group corresponds to pMSNs and had the lowest firing rates and a larger inter-spike variability, measured as larger CV2 values. Furthermore, analysis of the autocorrelation histogram (ACH) revealed that most pMSNs had an irregular burst firing pattern with an early time to peak in the ACH (Fig.  7, B5 and B6) . All these characteristics are attributed to pMSNs (Yarom and Cohen 2011) .
The second subpopulation of neurons corresponded to pChAT interneurons, also known as tonically active neurons (TANs). The hallmark of pChATs is their large VAR values, which is indicative of broad action potentials due to a long afterhyperpolarization (Wilson and Goldberg 2006) . These neurons discharged tonically at 3-10 Hz and had the largest valley-to-peak widths (Fig. 7B2 ). In addition, in our data set, slightly more than half of the pChATs showed bursting behavior (Kreitzer and Berke 2011) .
The third subpopulation corresponded to pFSIs. This population had the smallest action potential width (Fig. 7B2) and discharged in an irregular bursting pattern (Fig. 7, B5 and B6) .
Power (mV 2 /Hz) Fig. 4 . Responses of a pMSN whose activity was inhibited both by feeding and during SWS (inactive/SWS-off). A: top trace (red) shows that during CS and throughout the cluster to the CE, the licking rate (licks/s) remained approximately constant. Middle panel (trial) shows the raster plot, and bottom trace displays the PSTH showing that the activity decreased before CS and remained essentially depressed throughout the cluster. On the cession of licking, the activity once again increased. B: the same neuron as in A but during the quiet wake-SWS-quiet wake (QW¡SWS¡QW) transition. Top trace shows the spectrogram recorded during a "sleeping bout" when the animal went from QW to SWS and from SWS to QW states. The spectrogram shows that during the QW state, much of the power increased in the high gamma frequency centered at 50 Hz, which gradually decreased as the animal entered into the SWS state, where the power increased but in the low-frequency range (0.7-20 Hz). The raster and PSTH show that during SWS, the spike rate decreased and became active upon the animal waking. C: spike rate of the same neuron, shown during the 2.6 h when the animal ate 2 meals (red), was active (blue), and slept (gray). The activity was filtered at a 10-s Gaussian window and a 1-s steep moving window. Inset: median Ϯ SE of the spike rate for each second throughout the 3 states. *P Ͻ 0.05. This neuronal response is the same as that plotted in Figs. 2 and 3A.
In the dorsolateral striatum, FSIs normally fire at high rates (40 -100 Hz; Berke et al. 2004 ) and have a rapid repolarization. However, in our data set in the ventral striatum, only one neuron achieved 80-Hz spiking (see Fig. 7A , square outlier of the pFSI group), and the mean firing rates of pFSIs varied between 2 and 34 Hz (across the entire session), suggesting that pFSIs in ventral striatum tend to have smaller firing rates than those in the dorsal striatum (Cai et al. 2011) . Finally, the fourth group (U, unidentified cell type) contained neurons that exhibited intermediate features and thus were difficult to assign to a cell type.
Feeding and sleep modulation maps. One novel aspect of our classification method, described above, is that it provided a map of cell types located in ventral striatum that enabled us to determine whether pMSN neurons were the only cell type inhibited (or excited) during volitional feeding or during SWS. By plotting the neurons modulated during feeding into our classification map (Fig. 7C, food modulation map) , we found a scattered distribution of inactive (and active) neurons comprising the neuronal subpopulations, suggestive of a broad recruitment of different cell types that likely encompasses all the cell types of the striatal microcircuit. A similar result was also Fig. 5 . Population activity of NAc neurons during feeding (licking; left) and SWS (right). Shown are all the significant responses of 187 neurons, each normalized to Z scores (far right), centered around the onset (CE) and termination of licking clusters (CE) or the onset (QW¡SWS) or termination (SWS¡QW) of SWS bouts. Both of these onset times are indicated by vertical white lines (time ϭ 0 s). The response types are referenced to the feeding (licking) state. The dashed white lines separate subcategories, and solid horizontal black lines identify the population of each category of inactive, active, and SWS-off and SWS-on neurons. It can be seen that inactive responsive cells can exhibit "on" or "off" responses in SWS or be nonresponsive (inactive only). The same is evident for active cells, whose response to SWS can be excitatory (on), inhibitory (off), or unresponsive. Finally, there are other populations of neurons that are unresponsive to feeding but can be inhibited (SWS-off only) or excited (SWS-on only) during SWS. For each subcategory, neurons were sorted as a function of their putative cell type (see Fig. 7 for more details). The color bar at far left indicates the putative cell type: blue, pMSN; red, putative choline acetyltransferase interneuron (pChAT); black, pFSI; green, unidentified cell type. Fig. 6 . Spiking heterogeneity and population activity around feeding (A) and SWS (B). A, top: the population PSTH activity of all inactive neurons (blue, neurons 1-94 in Fig. 5 and Table 2) with responses aligned to time ϭ 0 s for CS (left) and CE (right). Middle panels show the population activity of active neurons (neurons 95-124 in Fig. 5 and Table 2 ) around licking for Ensure. Bottom panels show the spiking heterogeneity measured by the Fano factor (FF) for inactive (blue) and active neurons (red). Note that during licking, the spiking patterns across inactive neurons showed greater variability preceding CS and at CE, whereas in contrast, both active responses show little spiking variability. B: the same as in A, but responses were aligned to the QW¡SWS to SWS¡QW transitions. Top panel (blue) plots all 88 neurons that showed a significant inhibition during SWS (SWS-off only, inactive/SWS-off, and active/SWS-off; see Table 2 ). Middle panel (red) plots all 53 neurons that were excited during onset SWS (SWS-on only, inactive/SWS-on, and active/SWS-on; see Table 2 ). Bottom panel plots the FF for each population. Note that in general, SWS-off neurons showed little if any spiking variability during SWS, suggesting that most neurons in this population basically follow the same temporal spiking patterns during SWS sleep. In contrast, SWS-on neurons had greater spike count variability during SWS.
found for SWS ( Fig. 7D, SWS modulation map) . The colorcoded bar in Fig. 5, far left, indicates the putative neuron type associated with each type of response. The same data set is shown more explicitly in Table 2 . One important point is that all three types of neurons were involved in each of the eight categories of responses. Other findings revealed that pFSIs were more likely to be inhibited by both feeding and SWS (inactive/SWS-off) than the other cell types [ 2 test (3) ϭ14.78, P ϭ 0.002]. In contrast, the pMSNs were more likely to be inhibited by feeding and excited during SWS sleep [inactive/ SWS-on; 2 test (3) ϭ 17.25, P ϭ 0.00062]. Either active-or inactive-type neurons that were selectively modulated by feeding were found in a similar proportion across cell types (inactive only and active only; P Ͼ 0.05, NS). With regard to neurons exhibiting a selective discharge rate modulation during sleep, the pMSNs were more frequently excited during SWS [SWS-on only; 2 test (3) ϭ 22.60, P Ͻ 0.0001], whereas the pChATs had a significantly larger proportion of neurons selectively inhibited during sleep [SWS-off only; 2 test (3) ϭ 22.63, P Ͻ 0.0001]. In summary, with respect to the types of neurons associated with feeding and sleep transitions, we found that for feeding, inactive populations that are involved in SWS, the major changes arose from changes in firing rate of pFSI and pMSNs. Similarly, for the population that was only modulated during SWS, we found that more pChATs and pMSNs were primarily involved. These results indicate that sleep and feeding exert a heterogeneous modulation on the different ventral striatum cell types.
To further evaluate differential responses among cell types and brain states, we plotted the population activity of inactive (active) and SWS-off (SWS-on) responses as a function of cell type and computed their population FF. The interpretation of the results presented in Fig. 8, A and B , follows those analyzed Fig. 7 . Cell types in the NAc. A: neurons were grouped into 4 categories: pMSNs (ϩ), pFSIs (ᮀ), pChATs (), and unidentified cells (U; ϫ). This grouping was accomplished by using a fuzzy clustering algorithm and the waveform valley-peak width (V-P width; distance between dotted lines in black waveform inset), the valley-to-amplitude ratio (VAR; see blue inset showing the waveform parameters used to calculate VAR), the firing rate (spikes/s), and the mean coefficient of variation 2 (CV2) of the inter-spike interval (ISI) distribution (CV2_ISI). For each group, the larger the ellipsoid, the smaller is the membership's certainty. Insets display mean waveforms and SE for each putative cell type. B: all panels display means and SE of 6 features as a function of cell type. B1-B4 show CV2_ISI, V-P width, VAR, and firing rate, respectively. B5 shows the time to peak (maximum value) in the autocorrelation histogram (P_ACH). B6 shows the fraction of cells with either irregular burst or tonic firing pattern (see MATERIALS AND METHODS). *P Ͼ 0.05, significant difference among all groups. C: symbols shown in red and blue are responses that were either active or inactive, respectively, during feeding. Arrows indicate the location of neurons plotted in Fig. 3 . D: symbols shown in red and blue are responses that were either on or off, respectively, during SWS. in Fig. 6, A and B . That is, in Fig. 8A , the top two rows represent the populations of all the inactive and active responses for each cell type associated with feeding, independent of their responses in SWS. For both inactive and active responses, the baseline and evoked firing rates were higher for the interneurons than for the pMSNs. It is also evident that all three neuronal classes types were modulated during feeding and that the modulation occurred at approximately the same times. For the QW-SWS transitions for the inactive responses, again, the interneurons had the greatest activity, and all three types showed a decrease in activity at the transition. For the SWS-on responses, a quite distinct pattern is shown. That is, whereas the pChATs and pMSNs were essentially unmodulated, the pFSIs exhibited a marked increase. The FF analysis (bottom 2 rows) also revealed striking differences with regard to the neuron type and feeding or SWS state. Specifically, in the feeding state, only pFSIs exhibited a marked modulation before CS, whereas in the SWS state, again, only pFSIs exhibited marked changes in the SWS state. Thus, with regard to variability, pFSIs have a specialized function in indicating the onset of feeding and SWS.
DISCUSSION
In this study, we have sought to understand the relationship between networks involved in feeding and sleep by recording ensembles of neurons from the rat NAc for several hours in which an animal that was neither hungry nor thirsty was free to eat several hedonically positive meals and, between meals, exhibit several bouts of SWS. We have also developed an automatic classification method that permits us to classify the NAc neurons as pMSNs, pFSIs, and pChATs. We have first demonstrated that 1) only a few NAc neurons covary with rhythmic licking; 2) in both feeding and SWS states, the excited and inhibited populations are 180°out of phase; 3) all three putative types of NAc neurons track transitions between active awake and feeding and quiet awake and sleep states; and 4) a novel population of responses is present only in a single state. Our results suggest that NAc is an interacting node in the feeding and sleep networks and further support the idea that even at the level of single neurons, sleep and feeding are highly interconnected. For the above reasons, we propose that the NAc is a potential pharmacological target to modulate wakefulness and food appetite.
Rhythmic Licking and NAc Activity
We found, using a lick-spike coherence analysis, that only a small percentage of NAc neurons tracked the oromotor rhythm of licking behavior (also see Gutierrez et al. 2010) . In another study, however, it was found that hedonic taste-related responses of NAc neurons occur in concert with the motor (EMG) responses (Roitman et al. 2005 ), suggesting that the NAc can encode some oromotor signals that accompany the Fig. 8 . Population activity and spike count variability around feeding (A) and sleep (B) as a function of cell type. Conventions are the same as described in Fig.  6 . Shown are population PSTHs plotted in Fig. 6 but now sorted as a function of cell type (indicated by color). A: top 2 rows show population activity of inactive (first row) and active neurons (second row) with responses aligned to time ϭ 0 s for CS and CE. Bottom 2 rows display the FF for inactive (third row) and active neurons (fourth row). Note that pFSIs (black lines) had the largest population spike count variability preceding CS and at CE. B: the same as in A, but responses were aligned to the QW¡SWS and SWS¡QW transitions. In general, SWS-off neurons (third row) show little if any modulation of FF during SWS, suggesting that different cell types in this population basically follow the same spike count pattern during SWS sleep. In contrast, for SWS-on neurons (fourth row), mainly the pFSI subpopulation had a greater FF during SWS, suggesting that SWS-on/pFSI neurons have a heterogeneous population firing during this brain state. delivery of tastants while animals freely lick. However, because we found that only 3.7% of NAc neurons covaried with licking, it is unlikely that the NAc markedly participates in the generation of rhythmic licking.
Feeding Behavior and Active and Inactive Responses
Our behavioral study is the first to be performed using freely moving animals in attending-awake, quiet-awake, feeding, or sleep states. For awake-feeding transitions, we found a greater number of inactive than active responses. Interestingly, both types of responses were evoked by a single, highly palatable tastant (Ensure). These results are consistent with reports in which only sucrose was delivered to animals in a dry-lick task (Krause et al. 2010 ) and with one where only a hedonically negative solution of 0.45 M NaCl was delivered via intraoral cannulas to salt-deprived rats (Loriaux et al. 2011) . In this study we found that active consumption of a highly palatable food (Ensure) also modulated the ventral striatum activity toward a strong bias to inhibition (Roitman et al. 2010) .
With regard to the classification of neuronal types based on extracellular waveforms, we acknowledge that our classification must be assigned the term putative (Gold et al. 2006 ). It has been noted that multiunit extracellular recordings will always be biased toward cells with large somas and/or high firing rates, characteristics that are normally present on interneurons (Henze et al. 2000; Shoham et al. 2006) . In this regard, we report a higher percentage of putative striatal interneurons (e.g., pFSIs and pChATs) and a smaller percentage of pMSNs than are anatomically present in the NAc. The discrepancy between the physiological and anatomical estimates of interneurons and MSN is perhaps best explained by a large number of MSNs that do not fire a sufficient number of spikes during online sorting, to be identified as separate neurons (Henze et al. 2000; Yarom and Cohen 2011) . In the absence of intracellular recordings, or optogenetic tagging (Kravitz et al. 2010) , to definitively identify neuronal types, we used a fuzzy clustering algorithm that automatically classified NAc neurons into pMSNs, pFSIs, pChATs, and an unclassified group (Fig. 7) . With regard to the awake-feeding transitions, one important aspect of this study is that all three putative neuronal types tracked the feeding task. That is, pMSNs, pFSIs, and pChATs all exhibited transient decreases (increases) before CS and remained inhibited (excited) until CE, when they returned to their respective baselines. In other words, during feeding, the entire striatal microcircuit can be active or inactive or even unresponsive (Table 2) . Indeed, the population responses in Fig. 5, left, show that independently of cell type, all inactive neurons in the population respond in the same manner as do all active neurons but are 180°out of phase so that when one is excited, the other is inhibited. In addition, as discussed below, there are NAc neurons that have not been previously reported that are unresponsive upon feeding but are modulated during SWS (e.g., SWS-on only and SWS-off only). This neuronal population is unlikely to be in the circuit associated with feeding. Finally, one aspect of the inactive neurons is that they exhibit a transient increase in activity before the anticipation of a reward (see Fig. 4 in Roitman et al. 2005 ) that is followed by a long-lasting inhibition during consumption (Fig. 6 ). Such responses are typically seen in feedforward inhibition circuits (Pouille and Scanziani 2001; Tepper et al. 2008 ) and are not present when animals cannot anticipate the delivery of a tastant (see Fig. 3 in Loriaux et al. 2011) . We found that the anticipatory population peak was also absent during QW-SWS transitions (Fig. 6B) .
Sleep State and SWS-On and SWS-Off Responses
For studies in awake animals, Lansink et al. 2010 found the firing rate of pMSNs did not change when the rats were active, resting, or asleep, whereas pFSIs exhibited elevated firing rates when the animal was active compared with SWS or with reward consumption. Similarly, we found that pFSIs displayed reduced firing rates during both SWS and feeding ( Table 2 , inactive/SWS-off). In contrast, we found, for the first time, that many pMSNs displayed a slight, but significant, increase in firing rates during QW-SWS transitions (Fig. 7D, pMSN, red ; SWS-on). This discrepancy can be rationalized as a consequence of the fact that we recorded substantial amounts of SWS, which enhanced our statistical power. We found that a large proportion of NAc neurons modulated their firing rate during QW-SWS transitions, including SWS-off and SWS-on responses. Thus the ventral striatum might play a more important role in sleep-wake regulation itself than previously considered (Braun et al. 1997) . To this point, cell body-specific lesions of rat ventral striatum resulted in an increase in awake time and a decrease in the time of SWS (Qiu et al. 2010) . In fact, we found that, just like in feeding, the large majority of neurons located in the NAc also displayed a strong inhibition during SWS (Fig. 6B) . These results are consistent with a strong deactivation observed in human ventral striatum during QW-SWS transitions (Braun et al. 1997) . Our results then raise the question whether, in the absence of food, a pharmacological treatment (e.g., muscimol) that inhibits NAc activity and promotes overfeeding, is also able to promote sleep. Although a direct confirmation of this hypothesis awaits experimental support, it has been shown that the drug modafinil produces a strong vigilance state, and increases dopamine, by decreasing GABA release in the NAc (Ferraro et al. 1996) . Moreover, intra-NAc infusion of muscimol completely blocked modafinilinduced dopamine release, suggesting a potential role of NAc's inhibition in decreasing wakefulness. Furthermore, despite the fact that dopamine has been thought to play a minor role in sleep-wake regulation, both amphetamine-like compounds and modafinil induce similar increases in dopamine release in the NAc to equipotent wake-promoting doses, suggesting that dopamine in the NAc is important for increasing wakefulness (Wisor et al. 2001) . Interestingly, both drugs also decrease food intake. On the basis of our results, we propose the NAc should be considered as a potential pharmacological target by which drugs could increase wakefulness and suppress food appetite.
Specialized Feeding and SWS Populations
Although most of the responses associated with feeding were also modulated during SWS, some populations of inactive and active neurons during feeding were unmodified during the QW-SWS transition (Fig. 5) . Interestingly, this population contained all three NAc cell-types (Table 2, inactive and active  only) . Similarly, we identified a neuronal population, again containing all three neuron types, that were not modulated during feeding but during SWS were either inhibited (SWS-off only) or excited (SWS-on only). Obviously, this population does not recapitulate events happening during feeding. The question arises whether these state-selective populations are exclusively involved in generating the transitions between awake-feeding and QW-SWS states or whether they are simply part of ensembles that include the other modulated populations.
Other Differences Between Feeding and SWS Transitions
Although there are many similarities in the transitions of the feeding and SWS states, there are differences at the population level ( Fig. 6 ) and in the types of neurons in the transitions (Table 2, Fig. 8 ). Differences would be expected for many reasons, not the least being the very different brain states of attending vs. quiet-awake and feeding vs. SWS. For the inactive population, the FF was greatest, especially for pFSIs, when the animals approached food (a reward), whereas in the QW-SWS transition, the FF of this population was essentially unchanged. This effect is understandable, because pFSIs exhibited a wide range of relatively high firing rates and also because a group of inactive neurons showed a gradual inhibition starting 1-1.5 s preceding CS, whereas another subset (not shown) had a ramp-up activity that peaked before CS that was followed by an inhibition during licking.
In contrast, the FF for the active population was unchanged for the awake-feeding transitions but increased at the QW-SWS transition (again for pFSIs). These data provide evidence that changes in FF related to the onset of feeding may be associated with the inactive/pFSI population and that changes associated with the onset of sleep are associated with the SWS-on/pFSI population.
Neuronal Coordination of Sleep and Feeding in Ventral Striatum
During the transitions to and from the various states of attending, quiet-awake, feeding, and sleeping, there are many neuromodulators that modify NAc activity that are selectively activated (deactivated) in each brain state and that could signal these transitions between states. Among them are orexin, melanin-concentrating hormone (MCH), and dopamine (Burdakov 2004) . We propose that the different responses in local striatal circuits in the transitions between states arise from the temporal changes in activity of distributed circuits that project to the NAc in the different states. For example, orexinϩ neurons in LH are active during arousal but not during SWS, whereas MCHϩ neurons are maximally active during various states of sleep (Hassani et al. 2009 ). Whatever circuits are controlling the animals' behavior, it is evident that during either one of the brain states, the activities of the inactive and active neurons are completely out of phase, indicating that these circuits are coupled.
In summary, our results extend previous observations and indicate that ensemble activity of the NAc appears to be encoding more than just appetitive behavior, and thus the view of the NAc as a gating node for feeding must be directly or indirectly subordinated by the sleep-wake circuitry (Burdakov 2004 ). More importantly, our results highlight the intrinsic interconnection, at neuronal level, between naturally occurring feeding and sleep states.
